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ABSTRACT OF THE DISCLOSURE

A continuous analog-to-digital converter with a paral-
Iel digital output that is characterized by improved ac-
curacy, especially in the fow end of the scale. Error is
reduced by introducing a very accurate nonlinearity in
the feedback path. Instead of a linear feedback factor,
the feedback voltage is varied in accordance with the
function N/1—N, wherein N is the ratio of the digital
output number to the number that represents full scale.
Only two components are needed to produce the non-
linearity.

The invention described herein was made by an em-
ployee of the United States Government and may be
manufactured and used by or for the Government for
governmental purposes without the payment of any roy-
alties thereon or therefor.

This invention relates in general to analog-to-digital
converters, and relates more particularly to such con-
verters having nonlinear response characieristics.

In all analog-to-digital converters (hereinafter referred
to as ADC), regardiess of type, one of the continuing
problems is that of error. This error arises as a resuit of
the inability of the ADC to measure input signal levels
smaller than the least significant digit in the digital num-
bering system employed. As an example of this type
of error, consider and ADC employing a 6-bit binary
code, with a resulting overall accuracy of one bit or one
part in 64. This produces an error of 1.6%, or +0.8%.
If the full scale input voltage for such a digital system is
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linearily with the digital output of the ADC to produce a
nonlinear response characteristic for the system. This
nonlinear response characteristic produces a scale com-
pression which results in improved error characteristics
for the system, since the system error, expressed in per-
centage of reading, is more linearly constant than with a
system having a linear response.

As an additional feature of this invention, the desired
nonlinearity is introduced by components which are ca-
pable of high accuracy and which are extremely stable
with respect to temperature and time. A further feature
of the invention is that the desired nonliiearity may be
produced by adding only a single component to. a con-
ventional feedback-type ADC

It is therefore an object of this invention to provide an
improved analog-to-digital converter having a nonlinear
response characteristic.

It is a further object of this invention to provnde an
analog-to-digital converter of the feedback type in which
a very accurate nonlinearity is introduced into the feed-
back path to produce a nonlinear response for the sys-
tem.

It is an additional object of this invention to’ provide
an analog-to-digital converfer of the feedback type em-
ploying a digital attenuator in the feedback path, in
‘which a very accurate nonlinearity is introduced into the
digital attenuator circuitry to produce a nonlinear re-
sponse for the system.

It is a further object of this invention to provide an
analog-to-digital converter of the feedback type in which
a very accurate nonlfinearity is introduced into the feed-
back path to produce a nonlinear response for the sys-
tem, the component which produces the nonlinearity
being - extremely stable with respect to txme and tem-

o perature,

40

10 volts, this represents a possible error of + 80 milli-

volts. However, where the input voltage is a small
fraction of full scale, say 1 volt, the total possible error is
still +-8% of the reading. Thus, unless it can be guar-
anteed that the input signal levels will be a substantial
part of full scale most of the time, such an ADC will
present serious accuracy problems

In order to provide a sysiem in which the accuracy, ex-
pressed as a function of operating level, remains more
nearly constant, the present invention provides scale
compression in a nonlinear ADC system by introducing
a very accurate nonlinearity in the feedback path of a
feedback-type ADC. This feedback path includes a con-
ventional digital attepuator, which is employed to con-
vert the digital output signal from the ADC to a corre-
sponding analog signal which is fed back for comparison
with the analog input signal to be converted. In the pre-
ferred form of this invention, the desired nonlinearity is
introduced directly into the digital attenuator circuitry,
so that the feedback voltage is modified by the nonline-
arity introduced. Thus, the feedback voltage varies non-
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It is an additional object of the present invention to
provide an analog-to-digital converter of the- feedback
type employing a digital attenuator in the feedback path,
in which a very accurate nonlinearity is introduced into
the feedback path to provide a nonlinearity response for
the system, the nonlinearity being produced by the intro-
duction of only a single component into a conventional
feedback-type analog-to-digital converter.

QObjects and advantages other than those set forth
above will be apparent from the following description
when read in connection with the accompanying draw-
ings, in which:

FIG. 1 is a schematic showing, in block diagram form,
of one embodiment of the present invention employing
a summing amplifier to introduce a nonlinearity into a
feedback-type ADC;

FIG. 2 is a functional diagram of the digital attenu-
ator of a linear ADC system of the prior art;

FIG. 3 is a functional diagram of a digital attenu-

‘ator in accordance with this invention employing a bat—

tery to intraduce the desired nonlinearity;

FiG. 4 is a graph illustrating the effect of variations in
the normatlized output number N, of an ADC system on
the nonlinear quantity N/!--N;

FIG. 5 is a graph illustrating variations of the normal-
ized output number, N, with changes in the analog-input
signal for different values of the voltage of the battery
of FIG, 3; and
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"FIG. 6 is a graph showing the refative error charac-
teristics of an ADC in .accordance with this invention
and a linear ADC of the prior art.

Referring to the drawings, FIG. 1 schematically shows,
in block diagram form, one embodiment of the invention
for converting an analog input signal appearing at an
input terminal 11 into a corresponding digital signal. ‘The
analog input signal is supplied as one input oh » con-
ductor 12¢ to an analog comparator 22 whicll also re-
ceives an analog feedback signal on an input conductor
12b. The analog input sighal is compared in amplitude
in comparuator 12 with the feedback voltage appsaring
on conductor 12b, and the output of this comparison
is supplied as the input to a device 13 labelled “up-down
decision.” In the embodiment illustrated in FIG. 1, it is
assumed that the ADC described employs an up-down
scaler or counter to provide a digital measure of the
amplitude of the analog input signal, in a manner well
known in the art, In this situation, device 13 determines
whether feedback signal is higher or lower than the
analog input signal, and provides an output on either
a line 13a labelled “higher” or a line 135 labelled “lower.”
These output lines are supplied as inputs o associated
gates 14a, 14b, which each also receive a common input
from a source of clock pulses 186.

If the feedback signal exceeds the amplitude of the
analog input signal, “higher™ line i3a is energized from
element 13 to supply an input to gate 14a. This effectively
opens gate ida to pass the clock pulses from source 16
to the “count down” inpui line of an “up-down” scaler 18,
As is well known in the art, scaler 18 operates to pro-
duce on its plurality of output lines 8¢ a digital measure
of the analog input signal, and the digital number pro-
duced by scaler 18 may be increased or decreased by
energization of the “count up” or “count down” input
line,

Thus, where the feadback signal exceeds the amplitude
of the input signal, energization of the “count down” line
as described above causes scaler 18 to count downwardly
from whatever digital number was present therein. Simi-
larly, when the feedback signal is less than the input
signal, output line 135 of element 13 is energized to open
gate 14b to pass clock pulses to scaler 18 which operate
to increase the count upwardly from whatever digital
number is present therein.

The signals on output lines 18c, which form a parallel
digital representation of the analog input signal, may be
supplied to any suitable utilization or storage device as
indicated, such as magnetic tape units, etc. These signals
are alsc supplied as inputs to a digital attenvnator 21 which
functions to convert these digital signals into an analog
signal by comparison with a suitable reference voltage
supplied on a conductor 21a. The analog signal produced
by attenuator 21 forms the feedback voltage which is
supplied on conductor 125 to comparator 12 for com-
parison with the analog input signal. Attenuator 21 may
be of any suitable type which operates as described. In
general, such attenuators receive inputs corresponding to
either binary ones or zeros from the output lines of scaler
18, and these inputs are operative to control the connec-
tion of binarily weighted resistors in the attenuator,

If the reference voltage supplied to attenuator 21 on
conductor 21q were constant, the circuit of FIG, 1 would
operate in a manner well known in the art to convert the
analog input signal on conductor 12a to a digital repre-
sentation on conductors 18¢ of scaler 18. This operation
would be as follows: Assuming that scaler 18 has been
reset to zero, the presence on conductor 12a of a signal
io be converted produces an cutput from comparator 2
indicating that the input signal exceeds the feedback sig-
nal since there would be no feedback signal with scaler 18
set at zero. This output from comparator 12 causes ele-
ment 13 to energize gate 14b to pass clock pulses to
scaler 18 in a direction to increase the count in the scaler.
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Scaler 18 thus counts upwardly, producing a correspond-
ing digital output on conductors 18¢ as it does so,

This output on conductors 18¢ is supplied to attenuator
%1 to produce an analog feedback signal which increases
finearly as the count in scaler 18 increases. The feedback
voltage thus incresses until i miatches the amplitude of
the analog input sighal, at which time comparator 12
indicates rio differerice between the compared signals and
the supply of clock pulses to scaler I8 is halted, Assutti-
ing the analog input remains at this value, the count
in scaler 18 stops and the digital nurmber represented
on output conductors i8¢ corresponids to the amplitude
of the analog input sighal, _

The above description of the prior art devices and cir-
cuits indicates their linear operation, and it will be clear
that such operation presents sérious problems of accuracy
for input signals which are only a fraction of full scale.

In accordance with the present invehtion, instead of
utilizing a linearly operating attenuator to produce a feed-
back signal which varies linearly with the digital output,
the present invention modifies the operation of the attenu-
ator to produce a nonlinear operation which results in
improved accuracy. This operation may be understood by
reference to FIGS. 2 and 3, which represent functional
diagrams of a linear digital attenuator of the prior art
and a nonlinear digital attenuator in accordance with the
present invention, respectively. In the prior art attenuator
of FIG. 2, the feedback voltage V; is proportional to the
product of the reference voltage Vg and the normalized
digital output, N, where N is the ratio of the digital
output number of the ADC to the number which repre-
gents full scale. Thus, with Vg constant, this relationship
is @ linear one, with the feedback voltage varying linearly
with N,

Before discussing the functional diagram of a nonlinear
attenuator in accordance with the present inveéntion, the
following considerations may be reviewed. In all simple
feedback systems, including the feedback ADC systems
under discussion here, the following relationship is true

output__ 4 S

input 1+48 (1)
where A is the forward transfer from input to output
{in the present case, the digital output number per volt
of analog input), and B, the feedback factor, is the analog
voltage output from the digital attenvator per unit digital
output from the ADC. .

It is convenient to normalize the digital output number
to unity for fuil scale reading, so that one value may
represent the output whether the system is a 6-bit, 8-bit,
or an n-bit system, For such a normalized output, the
maximum value of g is unity. . .

The forward transfer A is usually large for compara-
tors with a low threshold, and Equation 1 then simpli-
fies to: - .

output_ 1
input B (2)

This equation shows that the nature of the transfer
function is dependent largely on the feedback factor. In
the prior srt systems as discussed above, g is linear, but
in the present invention, is made to vary nonlinearly over
the range of operation of the ADC system.

Consider now the functional diagram of FIG. 3, show-
ing a nonlinear digital attenuator in accordance with this
invention. In FIG. 3, a battery with a voltage V is con- .
rected between output of the attenuator and the reference
terminal thereof. The reference voltage Vg is now no
fonger constant, but is dependent upon the feedback
voltage Vy, and the following relationship applies:

Ve=N(V+V) (3)

Solving Equation 3 for V;: ’
NV

Vi=i=x (4)
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The term NN in Fguadion 4 s the desited none
linear function, and the battery voltage ¥ iy ¢ scale fuctor
whivh can be employed to adjust the tange of the system.
‘This nonliseat function is plottest in FIQ, 4, whick in.
dicates that it is a monotonically increasing function which
is asympfiotic to the line, N==-}-1.

The transfer function throuph the digital atienvator is
equal to the feedback factor fur this systew, 25 shown
below in Equation 5.

N 1-N (5)

. Substituting into Equation 2 produces an cxpression for
the overall transfer funciion of this ADC system:

output I

input Vi, (6)
Solving for N produces:
. Vin H
SRS v
Vig ! {7)

This function is plotted in FIG. §, with the nermalized
output number N showh in relation to the voltage ¥y, for
three different values of the voliage ¥V of the batiery of
FIG, 3. It will be seen that this produces a scale which
contains all positive values of Vy, with a relatively constant
percentage error, ie., increasing absolute accuracy as the
magnitude of reading decreases. The degree of nonlinearity
is easily controlled by adjusting the value of the voliage V,

Thus, a nonlinear ADT system in accordance with the
preseni invention may be built using a battery or other
type of floating power supply associated with the digital
atienuator as shown in the functional diagram of FIG.
3. As an alternative, such a nonlinear system may be
built using a conventional DC sumiming amplifier as shown
in FIG. 1. In that figure, a summing amplificr 27 supplies
the reference voltage Vp to digital attenuator 21, Summing
amplifier 27 receives one input on a conductor 27e from
a constant voltage source, such as a batlery 28, and receives
another input on a conductor 27b representing the feed-
back voltage output from attenuator 2&, Amplifier 27

sums these two voltages and supplies ihe sum o attenuator -

21. The attenuator modifics this input voliage from am-
plifier 27 by N, the normalized digital output number as
discussed above, to produce a feedback voltage which
varies nonlinearly in’a manner similar 1o that described
above for the battery of FiG. 3.

The use of a summing amplifier as shown in FIG, |
or a floating power supply as showa in FIG, 3 produces

a very accurate nonlineurity. This is a significant factor, *

since any nonlinearity introduced changes the transfer
function directly, and any errors in the feedback path
will occur in the output without atienuation. The use of
an accurate nonlinearity in accordance with the teachings
of this invention is much preferable to employing an
analog nenlinearity interposed between the digital attenu-
ator and the analog comparator, because some suitable
devices, such as semiconductor diodes and thermistors are
temperature-sensitive, while others, such as vacuum iube
devices, change their operating characieristics as 2 func-
tion of time and are hence not satisfaclory for high ac-
curacy system.

As a comparison of the rejative arror characteristics of
the nonlinear ADC of this invention and a linear ADC of
the prior art, consider the {ollowing. The sysiem error
expressed as a function of the reading referred to the
input may be computed for the nonlinear ADC by first
differentiating Equation 7 above with respect to N

di’y, Vi

AN TN N (%)
Solving for the error referred to the input yiekis:

dV,, AN

Vi T NN (9)
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Subatituting, for N, the value vbtained from Bquation 7
produces:
: _dV_@_(, Vi, V. )
Brror= yo= 24 7 +V‘.. dN (10)
where dVy,/Vyy, is the nonlinear ADC systém etror and
dN is the error associated with a4 one-bit variation in N,
This nonlinear system error is compared graphically
with the error produced in a linear systent in the
curves of FIG, 8. In this fighre, the linear system is set fo

a full scale of 10 volts and a 6-bit binary code is em-
ployed. Full scale error is approximately =+0.8%, but

-the error at 1% of full scale is greater than +50%. For

the same input voltage levels in the nonlinear ADC sys-
tem of the present invention, where V is set to 2 volts,
FIG. 6 shows that the error at 10 voits is approximately
+6%, and this error decreases as the input voltage falls
to 2 volis. When the input voltage falls below 2 volts,
the error increases slowly, but is still vsable (=15%) at
0.1 volt. With inputs between 10 and 100 volts, the non-
linear ADC of this invention provides some information
cven though the errors are greater than 3=6%, thus pro-
ducing an indication of the order of magnitude of signals
beyond the normal range of the sysiem. This is a ten-to-
one extension in scale length, even though the error is
relatively high (up to :50% for the worst case where
the input is 100 volis) in this example,

At approximately 2.5 volts and 11 volts, FIG. 6 in-
dicates that the errors in both systems are equal, but
below 2.5 volis and above 11 volts, the nonlinear ADC
is markedly superior. The shaded areas of FIG. 6 rep-
resent those regions where the nonlinsar ADC system of
this invention produces less error than that of the linear
system. It will be understood that other error profiles for
the sysiem of this invention may be produced by variations
in the voltage V, and that the particular case shown illus-
trates the basic mature of the improvement produced in
all cases.

Thus, the present invention produces an ADC system
in which the error, expressed as a percentage of reading,
is more nearly constant and in which exiension of scale
length is possible so that certain kinds of data can be digi-
tized with more meaning. The system is further capable
of operating over large femperature ranges and long
periods of time without materially affecting the system
performance. Additionally, the invention has the advan.
tage that it can be implemented with only one additional
component (a floating power supply or a summing am-
plifier) in a conventional linear ADC,

Although specific details of the present invention are
shown and described herein, it is to be understood that
modifications may be made therein without departing
from the spirit and scope of the invention as set forth
in the appended claims. ' :

1 claim: .

1. Apparatus for continuously cotrecting an .analog
input signal to a parallel digital representation compris-
ing:

comparator means for comparing an analog input sig-

nal to an analog feedback signal and generating an
output signal proportional to the difference between
said signals; S

“a source of clock pulses; _

counting means coupled to said comparator means and
said clock for counting up when said analog input
signal exceeds said feedback signal and counting
down when said feedback signal exceeds said analog
input signal, said counting means having paraliel
outputs on which digital signals are produced which
represent the instantaneous count;
reference voltage generator comprising a  summing
amplifier with first and second inputs, and a D-C volt-
age supply, said voltage supply being coupled to said
first input, said reference voliage being generated at
the output of said amplifier;
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means coupled to said generator and said counting
means for comparing said reference voliage and said
digital output signals and generating said &nalog feed-
back signal; and

means for coupling said feedback signal to said sec-

ond input of said wmplifier and o said comparator
mearns;

said feedback signal being nonlinear and causing a re-

ductiott in error over a portion of the voltage range
of said apparatus, -

2. Apparatus in accordance with ¢laim I wherein the
feedback signal varies as a function of N/1—N, and N
is the normalized digital output representing the ratio of
the digital output from said counting means to the scale
capability of said counting means.

3. Apparatus for continuously converting an analog
input signal to a parallel digital output comprising:

comparator means for comparing an analog input sig-

nal to a nonlinear analog feedback signal and gen-
erating an output signal representing the difference
between said signals;

means for generating clock pulses;

an up-down scaler producing parallel digital output

signals;

logic means coupled to said comparator means, said

clock pulse means and said scaled for enabling said
clock pulses to reach said scaler when said compara-
tor means output signal has a magnitude other than
zero, said scaler counting up when said analog input
signtal exceeds said feedback signal and sajd scaler
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counting down when sald feedback signal exceeds
said analog input signal; :
nieany coupled to said scaler for comprising said scaler
digital outpui signuls with a reference voltage and
generating said nonlinear analog feedback signal;

a sumiming amplifier having first and second inputs,
said amplifier generating a reference voltage which
is coupled fo said computing means;

a D-C voltage source coupled to said fitst amplifier in-
put; and '

means for coupling said feedback signal from said
comparing means to said second amplifier input and
said comparator means.

4, Apparatus in accordance with claim 3 wherein the
feedback signal varies as a function of N/1—N, and N
is the normalized digital output representing the ratio of
the digital output from said scaler to the full scale capa-
bility of said scaler.
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